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A cloud point extraction procedure is proposed for preconcentration of trace amounts
of palladium (II), silver (I) and gold (III) in aqueous medium. The metal ions in the initial
aqueous solution were extracted using the non-ionic surfactant, Triton X-114 after
complex formation with 4-(p-chlorophenyl)-1-(pyridin-2-yl)thiosemicarbazide at pH 6.0
in the presence of 0.3 mol L1 sodium sulfate as a salting-out agent at 25 C. Dilution of
the surfactant-rich phase with acidified methanol was performed after phase separa-
tion, and the metal ions were determined by electrothermal atomic absorption spec-
trometry. The main factors affecting extraction procedure, such as pH, concentration of
the ligand, and amount of Triton X-114 were studied in detail. Under the optimum
experimental conditions, the calibration graphs were linear upto 125, 50 and 100 mg L1
and the enrichment factors were 52, 46 and 56 for palladium, silver and gold, respec-
tively. The limits of detection, based on three times of standard deviation of blank
signal by 10 replicate measurements divided by the slope of calibration curves were
0.12, 0.08 and 0.30 mg L1 for palladium, silver and gold, respectively. The accuracy of
the results was verified by analyzing spiked water samples. The proposed method has
been applied for the determination of the metal ions in soil and rock samples with
satisfactory results.
Copyright 2014, Mansoura University. Production and hosting by Elsevier B.V. All rights
reserved.4; fax: þ20 502263717.
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Noble metals such as palladium (Pd), silver (Ag) and gold (Au)
have many applications in our life [1,2]. These metals occur in
the environment at trace and ultratrace levels. Therefore, a
very sensitive method is necessary for the accurate and pre-
cise determinations. For this purpose, several analytical
methods have been developed to measure these ions in real
samples including: spectrophotometry, flame atomic absorp-
tion spectrometry (FAAS), inductively coupled plasma-mass
spectrometry (ICP-MS), inductively coupled plasma-atomic
emission spectrometry (ICP-AES), and electrochemical
methods.
Electrothermal atomic absorption spectrometry (ETAAS) is
a good technique for the determination of ultra-trace amounts
of heavy metals in several types of samples due to its sensi-
tivity. But by reason of ultra-low concentration of metals and
high concentration of interfering matrix components in most
real samples, ETAAS often requires a suitable pretreatment
step.
A number of separation/preconcentration methods have
been reported for trace metal determinations: these include
solid phase extraction [3e6], co-precipitation [7,8], column
extraction [9,10], ion-selective electrode [11,12], liquideliquid
extraction [13e15] and cloud point extraction (CPE) [16e26].
CPE has attracted a considerable attention because it complies
with the “Green Chemistry” principle [27], as the amount of
organic solvent is much less than that of traditional liquid
extraction. Moreover, it is simple, cheap, highly efficient, and
rapid and of lower toxicity than those used organic solvents.
The cloud point is the temperature above which aqueous
solutions of non-ionic surfactants become turbid. Specifically,
above the cloud point the solution is separated into two
phases: a rich phase containing a high surfactant concentra-
tion in a small volume and a poor phase with a surfactant
concentration close to the critical micelle concentration
[28,29]. Accordingly, any metal ions that either directly
interact with micelles or after prerequisite binding with hy-
drophobic chelating ligand, can be extracted from the parent
solution by CPE procedure. Trace elements can be extracted toTable 1 e Instrumental parameters for determination of
Pd, Ag and Au using ETAAS.
A. Instrumental parameters
Pd Ag Au
Wavelength (nm) 247.6 328.1 242.8
Slit width (nm) 0.2 0.7 0.2
Lamp current (mA) 30 15 15
B. Temperature program
Step Temperature
(C)
Time (s) Argon flow
rate ml/min
Pd Ag Au Ramp Hold
Drying 1 110 1 30 250
Drying 2 130 15 30 250
Pyrolysis 900 800 800 15 20 250
Atomization 2200 1700 1800 0 6 0
Cleaning 2500 1 5 250the surfactant-rich phase usually after formation of a hydro-
phobic complex with an appropriate chelating agent [30].
In the present study, we applied CPE for the separation and
preconcentration of Pd(II), Ag(I) and Au(III) ions from aqueous
solutions by using Triton X-114 as a nonionic surfactant. A
thioamide derivative, 4-(p-chlorophenyl)-1-(pyridin-2-yl)thio-
semicarbazide (HCPTS), was used as the chelating agent. The
factors influencing the efficiency of CPE such as effects of pH,
Triton X-114, HCPTS concentrations were systematically
studied. Also, we introduced a salting-out procedure that en-
ables the room temperature phase separation. The developed
CPE procedure was successfully applied to determine the
concentration of Pd(II), Ag(I) and Au(III) ions in some envi-
ronmental samples after the method was validated.2. Experimental
2.1. Reagents and solutions
All aqueous solutionswere preparedwith ultrapurewater that
had been obtained by Milli-Q water purification system (Mil-
lipore, Bedford, MA, USA). Reagents used were of analytical
grade from SigmaeAldrich (St. Loius, MO, USA) or Merck
(Darmstadt, Germany). The laboratory glassware was kept
overnight in 10% v/v HNO3 solution. Before the use, the
glassware was washed with deionized water and dried in a
dust free environment. The standard solutions of Au3þ were
prepared from 1000 mg L1 Au standard stock solution. The
Pd(II) solution was prepared by dissolving 0.1664 g of PdCl2 in
100 mL 0.1 mol L1 HCl solution and was standardized gravi-
metrically by dimethylglyoxime method [31]. A stock solution
of 1000 mg L1 Agþ was prepared by dissolving 0.1575 g silver
nitrate in 0.1 mol L1 HNO3 and diluting to 100 mL in a volu-
metric flask. It was standardized by using standard NaCl so-
lution [31]. Working solutions were freshly prepared from the
stock solution by dilutions with deionized water. Triton X-114
was used without further purification. HCPTS was prepared
from 2-hydrazinopyridine and p-chlorophenylisothiocyanate
as previously reported [32]. One mmol L1 solution of HCPTS
was prepared by dissolving appropriate amount in 100 mL
ethanol. Buffer solutions were prepared by 1 mol L1 hydro-
chloric acid e 1 mol L1 sodium acetate (pH 0.5e3.5);
0.2 mol L1 acetic acid e 0.2 mol L1 sodium acetate (pH
4.0e7.0); 2 mol L1 ammonium chloride e 2 mol L1 ammo-
nium hydroxide (pH 7.5e10.0).
2.2. Apparatus
A Perkin Elmer atomic absorption spectrophotometer (Model
AAnalyst 800) with a longitudinal Zeeman background
correction furnished with a transversely heated graphite
atomizer (THGA) was used for determination of themetal ions.
Sample solutions were injected into the atomizer using AS-800
auto sampler. The sample injection volume was 20 mL. The
system is equipped with win Lab 32 software. The instru-
mental parameters and temperature program for the graphite
atomizer were summarized in Table 1. The solution pH was
adjusted using Hanna instrumentmodel 8519 digital pHmeter.
A centrifuge model of CH90-2 (Hinotek Technology Co. Ltd.,
e g y p t i a n j o u rn a l o f b a s i c a n d a p p l i e d s c i e n c e s 1 ( 2 0 1 4 ) 1 8 4e1 9 1186China) was used to accelerate the phase separation process. A
thermostatic bath was operated to reach the cloud point
temperature when the room temperature was below 25 C.
Digestion of the geological samples was carried out in a CEM
MDS 2000 microwave digestion system (Matthews, NC, USA).Fig. 1 e Influence of the pH on the extraction recoveries of
Pd, Ag and Au ions. Conditions: 20 mg L¡1 metal ion;
0.3 mol L¡1 Na2SO4; 50 ml aqueous solution;
5 £ 10¡5 mol L¡1 HCPTS; 0.05% w/v Triton X-114; 25 C.2.3. Recommended procedure of CPE
For the CPE, the following procedure was followed: into ali-
quots of a solution containing the analyte, add sodium sulfate
solution (0.3 mol L1) to reach the appropriate ionic strength
then buffer the solution to pH 6.0. The metal ions were then
complexed with HCPTS (5  105 mol L1) followed by the
addition of Triton X-114 at 0.05% (w/v) concentration. The
extraction was carried out at room temperature (25 C). The
phase separation is accelerated by centrifuging at 4000 rpm
for 10 min. The phases were cooled down in an ice bath in
order to increase the viscosity of the surfactant rich phase.
The bulk aqueous phase was decanted by inverting the tube
and dried in water bath. The surfactant rich phase in the tube
was made up to 1.0 ml by adding mixture of methanol/conc.
HNO3 (5:1). The samples were introduced into ETAAS for the
determination of the selected metal ions.2.4. Preparation of real samples
2.4.1. Water samples
The water samples were filtered firstly through filter paper to
separate the coarse particles and suspended matter and sec-
ondly through a Millipore cellulose nitrate membrane (pore
size 0.45 mm), acidified to pH 1 with HNO3 and stored in a
refrigerator in a dark polyethylene bottle. 10 ml water sample
was subjected to the CPE methodology as described above.
2.4.2. Geological samples
The road dust and rock samples were collected from different
area in Sakakah city, Saudi Arabia. The samples were dried at
90 C for 2 h, ground, passed through a sieve of 120 meshes
and homogenized. 5 mL of concentrated HNO3, 2 mL of
concentrated HF and 2 mL of deionized water were added to
0.5 g of the sample in a Teflon vessel and digested in the mi-
crowave digestion oven by applying the heating program
shown in Table 2. Finally, 20 mL of 5% w/v boric acid was
added, to neutralize excess HF, and the solution was filtered
and brought to a final volume of 50 mL with deionized water.
10 ml aliquots of the final clear solution obtained were
analyzed by the prescribed procedure.Table 2 eMicrowave digestion program for the digestion
of the geological samples.
Step 1 2 3 4
Power (%) 60 60 60 60
Pressure (psi) 100 130 160 170
T1a (min) 30 30 30 30
T2a (min) 15 10 5 5
T2: time the sample remains at the required pressure.
a T1: maximum time needed to reach the required pressure.3. Result and discussion
3.1. Optimization of the CPE procedure
In order to obtain maximum extraction efficiency by CPE
method, several parameters need to be taken into account
before analysis of the real samples. The most important are:
(1) pH of the sample solution, (2) ligand concentration, (3)
surfactant concentration, (4) salting-out effect.
3.1.1. Effect of pH
The pH is a very critical parameter for both the coacervation of
the micelles and the complexation of the ligand with the
metal ions. The effect of the pH on metal ions extraction was
assessed by varying the pH from 1 to 10 by using the suitable
buffer. As can be seen from Fig. 1, the optimal extraction ef-
ficiency was observed for pH values ranging from 6.0 to 8.0,
which is lower than the precipitation of the hydroxide of most
transition metals [33]. The optimal extraction is probably due
to the formation of a HCPTS neutral complex species at this
pH range. This explanation was confirmed by our previous
study [34]. For the rest of the optimization process, a pH of 6.0
was used.
3.1.2. Effect of ligand concentration
Chelating reagents are extracted probably due to a specific
interaction, such as hydrogen bonding, between functional
groups on the chelating reagents and ether oxygen or terminal
OH group of the non-ionic surfactant and chelates are extrac-
ted into the hydrophobic part of aggregated micelles [30]. In
this work, HCPTS was used as a chelating agent because thi-
osemicarbazides produce sufficiently hydrophobic complexes
with most of transition metals [34e37]. A 50 mL solution con-
taining 20 mg L1 of themetal ion, 0.05% (w/v) Triton X-114, at a
medium buffer of pH 6.0 containing various amounts of HCPTS
(106 e 104 mol L1), was subjected to the CPE process. The
results are shown in Fig. 2. It can be seen that the extraction
Fig. 2 e Effect of the ligand concentration on the recovery of
extraction for Pd, Ag and Au ions. Conditions: 20 mg L¡1
metal ion; 0.3 mol L¡1 Na2SO4; pH, 6.0; 50 ml aqueous
solution; 0.05% w/v Triton X-114; 25C.
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ligand concentration and remains constant above
5 105mol L1. Therefore, a concentration of 5 105mol L1
of HCPTS was selected as optimal value in this work.
3.1.3. Effect of Triton X-114 concentration
Triton X-114 was chosen because of its commercial avail-
ability in a high purified homogeneous form, low toxicological
properties and cost. Also, the high density of the surfactant
rich phase facilitates phase separation by centrifugation.
Additionally, the cloud point (23e26 C) of Triton X-114 per-
mits its use in the preconcentration of a large number of
molecules and chelates. The variation on the extraction re-
covery, as a function of the Triton X-114 concentration isFig. 3 e Effect of the surfactant concentration on the
extraction recovery of Pd, Ag and Au ions. Conditions:
20 mg L¡1 metal ions; 0.3 mol L¡1 Na2SO4; pH, 6.0; 50 ml
aqueous solution; 5 £ 10¡5 mol L¡1 HCPTS; 25 C.expressed in Fig. 3, when 50 ml solution containing cations
and all the reagents in the presence of 0.01e0.1% (w/v) Triton
X-114 was extracted.
As highlighted in Fig. 3, the recovery is maximum as the
Triton X-114 concentration was 0.05% (w/v). At lower con-
centrations, the extraction efficiency of the complexes was
low, due to the inadequacy of the assembly to entrap the
complex. Hence, a concentration of 0.05% (w/v) was chosen
for further studies.
3.1.4. Salting out effect
Studies on the effects of some additives, such as anionic and
non-ionic surfactants and electrolytes, as NaNO3, Na2SO4 and
NaCl, on the cloud point behavior of non-ionic surfactants
have been reported [38,39] It was observed that the presence
of electrolytes decreases the cloud point (salting-out effect),
resulting in a more efficient extraction. The lower cloud point
is attributed to electrolytes promoting dehydration of the
poly(oxyethylene) chains [40]. According to Hiller et al. [41] the
salting-out phenomenon is directly related to desorption of
ions to the hydrophilic parts of the micelles, increasing inter-
attraction between micelles and consequently leading to the
precipitation of surfactant molecules. Based on this discus-
sion, the salting-out effect was studied in both the absence
and presence of different concentrations of NaNO3, Na2SO4
and NaCl (0.05e1 mol L1 each) at 25 C (Fig. 4). It was found
that Na2SO4 resulted in the highest recovery, and the re-
coveries increasedwith increasing the salt concentration until
reach a maximum at concentration of 0.3 mol L1. This effect
may be due to the enhanced hydrophobic interactions among
the surfactant aggregates and the analyte as well as the
decrease in the cloud point temperature of Triton X-114 in the
presence of Na2SO4. At higher concentrations than 0.4mol L
1,
the signals decreased considerably. High concentration of salt
can increase the density of water drops accompanied by the
surfactant rich phase, and hence disturb the phase separa-
tion. On the other hand, the absence of salt decreased the
signal by about 55% (data not shown). This may be due to an
increase in cloud point temperature leading to incomplete
phase separation at 25 C. Hence 0.3 M was chosen as the
optimum concentration.
3.2. Analytical performance
Under the optimum conditions, performance characteristics
were obtained by processing standard solutions of Pd(II), Ag(I)
and Au(III), and the data is illustrated in Table 3. Calibration
functions were linear at least up to 125 mg L1, 50 mg L1 and
100 mg L1, for Pd, Ag and Au, respectively. Furthermore, for
preconcentration of 50 ml of the working standard solutions
based on the slope ratio of calibration curveswith andwithout
preconcentration, an enrichment factor of 52, 46 and 56 was
obtained for Pd(II), Ag(I) and Au(III), respectively. To test the
reproducibility of the proposed extraction method, the sug-
gested procedure was repeated seven times under optimum
conditions. The relative standard deviation (R.S.D.) was
measured to be 3.4%, 4.7%, and 2.2% for Pd, Ag and Au,
respectively.
Limits of detection (LOD) and quantification (LOQ) for each
element were determined according to the expressions at 3 s/
Table 4 e Tolerance limits of interfering ions.
External ion Tolerable concentration ratio
Kþ >1000
Naþ >1000
Csþ 1000
Ca2þ 1000
Mg2þ 1000
Al3þ 700
Bi3þ 400
Fe3þ 300
Fe2þ 1000
Cr3þ 800
Mn2þ 900
Pb2þ 900
Cd2þ 500
Co2þ 300
Ni2þ 500
Zn2þ 500
Hg2þ 400
CrO4
2- 1000
PO4
3- 1000
SCN 1000
CH3COO
 1000
NO3
 1000
Tolerance limits of investigated electrolytes is known as ion concentratio
Table 3 e Analytical figures of merit for the proposed
method.
Parameter Pd(II) Ag(I) Au(III)
Limit of Detection (mg L1) 0.12 0.08 0.30
Limit of Quantification (mg L1) 0.45 0.29 1.13
Precision (% RSD, C ¼ 20 mg L1, n ¼ 10) 3.4 4.7 2.2
Linearity (mg L1) 0e125 0e50 0e100
Correlation Coefficient 0.998 0.997 0.995
Enrichment Factor (EF) 52 46 56
CPE conditions: 50 mL sample solution, pH 6, 5  105 mol L1
HCPTS, 0.05% (w/v) Triton X-114, 0.3 mol L1 Na2SO4 at 25 C and
centrifugation at 4000 RPM for 10 min.
Fig. 4 e Effect of the addition of different salts on the %recovery of Pd, Ag and Au ions. Conditions: 20 mg L¡1 metal ions; pH,
6.0; 50 ml aqueous solution; 5 £ 10¡5 mol L¡1 HCPTS; 25 C.
e g y p t i a n j o u rn a l o f b a s i c a n d a p p l i e d s c i e n c e s 1 ( 2 0 1 4 ) 1 8 4e1 9 1188m and 10 s/m, respectively (s being, the standard deviation of
10 consecutive blanks and m the slope of the calibration
curve). LODs were 0.12 mg L1 for Pd, 0.08 mg L1 for Ag and
0.30 mg L1 for Au and LOQs were 0.45 mg L1 for Pd, 0.29 mg L1
for Ag and 1.13 mg L1 for Au.
3.3. Effect of the potentially interfering ions
The efficiency of the suggested method in the extraction and
preconcentration of the three ions in the presence of various
cationsandanionswasexaminedbyusinga solution containing
20 mg L1 of Pd, Ag and Au with addition of various concentra-
tions of potential interferences. The tolerance level was defined
as the maximum amount of foreign species producing an error
of ±5% in Pd, Ag and Au determination. The tolerance level of%Recovery ± S.D.
Pd(II) Ag(I) Au(III)
97.5 ± 2.0 96.0 ± 2.4 99.6 ± 1.0
98.2 ± 1.8 96.2 ± 2.5 98.8 ± 2.0
96.4 ± 2.1 98.0 ± 1.5 100.3 ± 2.4
97.5 ± 1.0 99.0 ± 2.1 101.3 ± 1.0
99.0 ± 1.5 96.2 ± 2.3 99.6 ± 1.2
100.5 ± 2.0 97.6 ± 1.6 99.5 ± 2.6
96.0 ± 2.7 98.4 ± 1.0 98.0 ± 2.7
97.2 ± 1.9 99.2 ± 2.1 96.9 ± 2.4
97.0 ± 1.8 100.0 ± 1.5 97.4 ± 1.5
97.4 ± 2.3 96.3 ± 2.3 96.6 ± 1.8
96.5 ± 2.0 98.3 ± 2.0 98.5 ± 1.0
102.0 ± 1.8 97.6 ± 2.4 96.8 ± 2.8
97.8 ± 2.2 103.0 ± 1.6 99.0 ± 2.0
97.2 ± 2.5 98.0 ± 2.0 95.1 ± 2.5
99.2 ± 1.8 97.4 ± 3.0 103.5 ± 1.2
96.5 ± 2.4 96.8 ± 1.9 95.7 ± 2.0
96.8 ± 3.0 95.8 ± 2.5 95.8 ± 2.3
101.5 ± 1.5 98.5 ± 2.0 99.5 ± 1.8
98.6 ± 2.0 96.4 ± 2.4 99.9 ± 1.4
97.4 ± 2.3 98.0 ± 1.0 100.1 ± 2.1
101.0 ± 1.0 96.4 ± 1.6 97.1 ± 1.6
99.0 ± 1.8 97.0 ± 2.0 95.5 ± 2.0
n causing a relative error < ±5% in the sensitivity of method.
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Table 5 e Analysis of Pd, Ag and Au ions in spiked water
samples by the proposed method.
Sample Ion Added
(mg L1)
Found
(mg L1)
Recovery
(%)
RSD (%)
Tape water Pd(II) e N.D. e e
5.0 4.95 99.0 2.5
10.0 9.92 99.2 3.2
Ag(I) e N.D. e e
5.0 5.08 101.6 1.8
10.0 9.87 98.7 2.2
Au(III) e N.D. e e
5.0 5.10 102.0 2.7
10.0 9.85 98.5 1.7
River water Pd(II) e N.D. e e
5.0 4.88 97.6 3.1
10.0 9.75 97.5 2.6
Ag(I) e N.D. e e
5.0 4.90 98.0 3.3
10.0 9.92 99.2 1.9
Au(III) e N.D. e e
5.0 4.87 97.4 2.4
10.0 9.84 98.4 3.0
Sea water Pd(II) e N.D. e e
5.0 5.02 100.4 2.5
10.0 10.0 100.0 2.8
Ag(I) e N.D. e e
5.0 5.11 102.2 3.3
10.0 9.90 99.0 1.5
Au(III) e N.D. e e
5.0 4.89 97.8 1.8
10.0 9.66 96.6 2.3
Results of five determinations of each sample.
e g y p t i a n j o u rn a l o f b a s i c a n d a p p l i e d s c i e n c e s 1 ( 2 0 1 4 ) 1 8 4e1 9 1 189each potentially interfering ion species was tested, and if inter-
ference occurred, the ratiowas reduceduntil it ceased.As canbe
seen from Table 4, several species did not interfere even at high
concentrations, showing that themethoddescribedisapplicable
to the analysis of Pd, Ag and Au ions in different samples.
3.4. Application
To test the accuracy of the proposedmethodology for assaying
the metal ions, it is applied for determination of these metal
ions in spiked water samples from different sources. The re-
coveries of known amounts of Pd, Ag and Au ions added to the
samples were examined by the proposed method. The results
tabulated in Table 5 show that the recovery of spiked samples
is satisfactory reasonable, which indicates the capability of
the method in the determination of the metal ions in real
samples containing different matrices under the recom-
mended conditions. To establish the validity of the proposed
method, the described procedure was applied for theT
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Table 6 e Analysis of Pd, Ag and Au ions in geological
samples by the recommended procedure.
Samples The present procedure
Pd(II) Ag(I) Au(III)
Road dust samples (ng g1) 29.0 ± 5.3 51.2 ± 5.9 35.5 ± 3.4
Rock samples (ng g1) 21.1 ± 4.7 73.8 ± 9.2 43.9 ± 6.5
e g y p t i a n j o u rn a l o f b a s i c a n d a p p l i e d s c i e n c e s 1 ( 2 0 1 4 ) 1 8 4e1 9 1190determination of Pd, Ag and Au in dust and rock samples. The
obtained results were summarized in Table 6.4. Conclusion
The lipophilicity of HCPTS and its tolerance for the in-
terferences caused by the co-existing metal ions make it
feasible for CPE and selective towards Pd, Ag and Au. It
permits the separation process at room temperature with
the aid of salting-out effect. Compared with traditional CPE
(about 40 min for heating, incubation and cooling), the
extraction time of the proposed method was very short (a
few minutes). The developed procedure yielded good results
in terms of selectivity, accuracy and precision for the rapid
determination of Pd, Ag and Au in real samples. The pro-
posed methodology was compared to other CPE methods
reported recently in the literature [16e23]. The distinct fea-
tures are summarized in Table 7. As can be seen, our results
are comparable with, and in some cases better than, the
reported ones.r e f e r e n c e s
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